R ecent studies have revealed that infantile esotropia can be produced reliably in infant primates if they experience binocular decorrelation in the first weeks of visuomotor development. 2, 3 The magnitude of the oculomotor deficits in these primates is related systematically to the duration of binocular decorrelation.
These studies have also revealed a general concordance between the severity of the behavioral deficits and the reduction of binocular anatomic connections in the primary visual cortex. 23 The purpose of this study was to determine if primates with naturally occurring infantile esotropia show a similar functional-structural concordance. Subsumed under this general aim were two subordinate questions. First, is infantile esotropia an all-or-none phenomenon, or do primates display a range of abnormality-some mild, some severe? Second, is the primary mechanism a maldevelopment of cerebral visuomotor circuits or alternatively an abnormality of the horizontal rectus muscles of the orbit?
Animals and Methods
Eye movements were recorded in seven naturally strabismic, adult macaque monkeys who had spontaneous onset of esotropia in the first 2 months of life and in two control monkeys. The strabismic animals ranged in age from 3 to 19 years (mean weight, 5.4 kg), and the controls ranged in age from 3 to 6 years (mean weight, 5.4 kg). Eye movements were recorded using a digital video (modified Hirshberg 4 ) technique (n ϭ 4) and/or binocular magnetic search coil method 5 (n ϭ 5). Recordings were obtained under conditions of monocular and binocular viewing, using a mechanical, opaque metal occluder positioned before either eye or an opaque soft occluder lens. In animals implanted with binocular search coils, automated cover testing was performed using liquid crystal shutter goggles. 5, 6 To determine the presence or absence of amblyopia, fixation preferences were observed and grating acuities were obtained using a preferential looking technique (n ϭ 4) or spatial sweep visual-evoked potentials (n ϭ 5). Cycloplegic refractions and funduscopic examinations were also performed in each animal. Eye alignment was assessed for concomitance at cardinal positions of gaze (Ϯ20°h orizontally and vertically). Fixation, pursuit, and/or optokinetic nystagmus (OKN) was recorded while the animal viewed stationary or moving spots of light and large-field OKN stripes.
After completion of behavioral studies, anatomic analysis of the orbits (n ϭ 4) [7] [8] [9] and horizontal connections between ocular dominance columns (ODC) of the visual cortex (n ϭ 8) 10, 11 was carried out using standard methods described in previous studies. Briefly, high-resolution magnetic resonance imaging (MRI) images were obtained of each orbit, followed by analysis of coronal serial sections (10 m thickness) stained using Masson's trichrome (muscle and connective tissue) and van Gieson's (elastin fibers) methods. The visual cortex (area V1) was analyzed for binocular horizontal connections between ODCs of opposite ocularity in each cerebral hemisphere. The ocularity of ODCs was determined by transneuronal labeling using wheat germ agglutinin-horseradish peroxidase or tritiated proline injected into the vitreous cavity of one eye. Horizontal connections within V1 were labeled by injection of a second label, biotinylated dextran amine (BDA), into multiple ODCs. Injections of the labels were performed under general anesthesia approximately 7 to 10 days before terminal anesthesia, brain perfusion, and histologic processing. All experiments were performed in compliance with the Association for Research in Vision and Ophthalmology resolution on the use of animals in research and were approved by Washington University Animal Care and Use Committee.
Results

Ocular Motor Deficits
The strabismic monkeys had onset of their esodeviations in the first 2 months of life. Four (57%) of the 7 (monkeys T, Z, A, and H) alternated fixation and had normal grating visual acuities in each eye. The other 3 (43%) also had equivalent grating acuities in the two eyes but showed small fixation preferences; 2 of these monkeys had a righteye preference (K and L) and 1 had a left-eye preference (monkey J). Cycloplegic refractive errors in the seven strabismic and two normal monkeys were mild to moderately hyperopic (range, ϩ0.5 to ϩ5.5 D; esotropic mean refractive error ϩ2.37 D, control ϩ2.85). Spherical equivalent refractive error did not correlate with magnitude of esodeviation (r ϭ 0.02, p ϭ 0.96) when fixating targets at the standard viewing distance employed (1 m). However, the 3 strabismic animals with the largest hyperopic refractive errors (K, J, and L) did show increased deviations when fixating near (33 cm viewing distance) targets (mean near vs distance increase ϩ 5.3°). They could, therefore, be classified as mixed mechanism, infantile, and refractive accommodative esotropia. Figure 1A plots the mean esodeviation (constant heterotropia) in primary position for each strabismic monkey, ordered from smallest to largest. Testing at cardinal gaze positions showed that the deviations were concomitant to within Ϯ2.5°(4.4 ⌬ ). Two monkeys (H and T) had small A-pattern deviations (slightly greater eso in upgaze and slightly less eso in downgaze). Figure 1B shows the results of cover testing conducted to detect the presence of a dissociated vertical deviation (DVD) in 6 of the 7 esotropic monkeys. Of the 6, 5 had a DVD in one or both eyes. The magnitude of DVD ranged from 1.5 to 5.5°(3 ⌬ -10 ⌬ ). The size of the DVDs tended to increase in animals with larger esodeviations. Figure 1C shows that each of the 7 strabismic monkeys also exhibited latent and/or manifest latent nystagmus. The velocity of the nystagmus slow phases ranged from a mean 0.5% to 1.7°/s. In monkeys fitted with binocular search coils, analysis of the waveforms verified that they conformed to the standard definition of latent/manifest latent nystagmus, ie, linear or decreasing-velocity profiles.
12 Figure 1D plots a nasal bias index ([nasalward eye speed Ϫ temporalward]/[nasalward ϩ temporalward] ϫ 100) for smooth pursuit of horizontal target motion (approximately 1°spot) at 30°/s, and/or optokinetic nystagmus evoked by vertically oriented, high-contrast stripes (5°w idth) at 30°/s. An index of 0 ϭ no bias and an index of 100 ϭ 100% bias. Nasal bias indices ranged from 4 to 30 and tended to increase in concert with the severity of the other ocular motor signs.
Binocular Connections in Striate Cortex (Visual Area V1)
To determine if there was a relationship between the severity of the ocular motor signs and anatomic connections for binocularity, we analyzed horizontal axonal connections between ODCs in area V1 (striate cortex). Injections of the tracer BDA were made into individual ODCs in V1 of each cerebral hemisphere. BDA is taken up by individual neuron bodies and axonal terminals at the site of injection. Over a survival time of 7 to 10 days, the tracer is actively transported within neurons to anterogradely and retrogradely label connections to neurons in neighboring ODCs (anterograde ϭ transport from pyramidal neuron body to axonal terminal connections; retrograde ϭ transport from axonal terminal connections to pyramidal neuron body). Previous work in our laboratory has revealed a relationship between the overall pattern of BDA-labeling, viewed at low power in individual sections, and individual neuron counts obtained at higher power. 10, 11 When the pattern appears as a "sunburst" distribution of label across ODCs (ie, an oval, densest at the injection center and diminishing uniformly in intensity of labeling with increasing distance from the center), counts tend to show comparable numbers of labeled neurons in right versus left eye ODCs. The "sunburst" pattern of labeling is therefore designated the "binocular connection" pattern. Alternatively, when the pattern appears as a "skipping" distribution of label across ODCs (also densest at the center but fluctuating in intensity of labeling across every other row of ODCs), counts tend to show higher numbers of labeled neurons in ODCs, which have the same ocularity as the injected ODC, and significantly lower numbers of labeled neurons in the ODCs of opposite ocularity. The "skipping" pattern of labeling is therefore designated the "monocular connection" pattern. Figure 2 shows these dichotomous labeling patterns for six representative V1 injections: 3 of the "binocular/sunburst" variety in the normal monkeys (left column) and three of the "monocular/skipping" variety in the esotropic animals (right column, sections cut tangential to the pial surface after unfolding of the cortex; arrows indicate ODC rows of the same ocularity as the injected ODC). Each injection in V1 of both cerebral hemispheres was scored as binocular versus monocular for 6 of the 7 esotropic monkeys ( Figure  3) . The lowest proportion of monocular pattern (45%) was found in the normal monkeys and the highest proportion (up to 80%) in the esotropic animals ( proportions test, p ϭ 0.04). 13 The proportion of monocular pattern injections increased as a function of the magnitude of the ocular motor deficits ( plotted for comparison in the regression line graph above), with some individual variation from animal to animal.
Orbital and Extraocular Muscle Anatomy
A further goal of our study was to determine whether the ocular motor deficits in the strabismic monkeys could be attributed to abnormalities of the medial and/or lateral rectus muscles in each orbit. For this analysis, we carried out MRI and histologic studies of the 2 monkeys with the largest esotropias (monkeys T and H) and compared their horizontal rectus muscles to those in the normal animals. The orbits of each animal were first scanned using 1. 
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quantitatively (for a more detailed description of these methods, see refs. 7-9).
The results of this analysis are summarized in Table  1 . Cross-sectional areas of the rectus muscles, comparing medial to lateral rectus muscles in each group of monkeys, were comparable (the two esotropic monkeys were larger animals, with body weights and orbital volumes approximately twofold that of the controls). In both groups of monkeys, lateral rectus muscles had greater mean cross-sectional areas than medial rectus muscles. Orbital pulley inflections and muscle plane paths of the horizontal recti were also equivalent in esotropic versus normal monkeys (measured in serial planes, traveling from the orbital apex posteriorly to the muscle insertions anteriorly; the lateral rectus muscles conform to a more divergent nasal-to-temporal trajectory in the orbit). High-power imaging of individual muscle fibers and muscle elastin revealed no systematic differences. The medial rectus and lateral rectus muscles exhibited distinct global and orbital layers, with no distinction between esotropic and normal monkeys. Neuronal innervation densities were likewise indistinguishable in the two groups of monkeys, with higher densities for the lateral rectus muscles. Peak saccadic velocities are listed because these are known to be sensitive functional indicators for extraocular myopathy, abnormal contractility, and reduced lower motor neuron (oculomotor or abducens) innervation.
14 Abducting velocities exceeded adducting velocities in the normal and esotropic monkeys.
Discussion
The purpose of this study was to report findings in a series of primates who had onset of natural esotropia in the first months of life. The first question we posed was whether infantile esotropia in monkeys was an all-or-none disorder-do the animals exhibit equally severe deficits (eg, all large-angle strabismus and high-velocity nystagmus), or do they show a range of abnormality, from subtle to marked? The answer to this question is that they-like their human counterparts-display a range of quantitative severities. The esotropia in this group of animals spanned small to large and was constant, concomitant, and not related directly to refractive error. The majority of the animals freely alternated fixation; a minority displayed a consistent fixation preference. These features remarkably mimic features of early onset esotropia in human infants. 1, 15 Our findings also reveal systematic relationships among the classical ocular motor signs of infantile strabismus. Each of the esotropic animals displayed the constellation of signs that typify the infantile esotropia syndrome in humans: constant heterotropia, latent nystagmus, pursuit/ OKN asymmetry, and-in five of six measured-DVD. The magnitude of each sign, with small individual variation, increased in concordance with the other signs. Similar concordance between these signs has been reported in normal infant primates exposed to binocular decorrelation in the first weeks of life. 2, 3 In those monkeys, each sign increased in severity with increasing duration of the decorrelation. In a small group of adult humans who had infantile esotropia, a crude correlation was found between magnitude of esotropia, severity of pursuit asymmetry, velocity of latent nystagmus, and DVD. 16 We are unaware of other studies that have examined these interrelations. The relationship is deserving of more study because it has important implications for the mechanisms linking vergence and gaze dysfunction.
The second question we posed was whether the severity of the ocular motor signs was related to the severity of reduced binocular connections in area V1. Area V1 is the first locus in the primate central nervous system for binocularity, and binocularity provides the absolute disparity signals necessary to guide vergence alignment. 17, 18 Binocular output from area V1 to regions of extrastriate cortex is also important for development of stable gaze holding (absence of eye drift) and symmetric tracking. 19 Disruptions of normal binocular development in the first months of life lead to permanent deficits of these functions, manifested as nasalward drift (latent nystagmus) and nasalward biases of pursuit/OKN. Our finding that reduced anatomic connections for binocularity in the esotropic monkeys related systematically to their vergence and gaze deficits reinforces the validity of this functional-structural linkage.
The third question we addressed was whether early onset esotropia in primates could be explained by primary abnormalities of the horizontal rectus muscles. The answer is no; we found no evidence of a structural or innervational extraocular muscle anomaly. It may be useful in future experiments to also examine muscle composition using electron microscopy and immunohistochemistry. Our findings add to a large body of work in primate models, and to clinical observations, arguing against a primary extraocular muscle, motor neuron, or brainstem abnormality as the cause of infantile strabismus. We performed this analysis using a tedious method requiring serial sectioning of paraffin-embedded whole orbits, which has proven to be highly enlightening for revealing subtle abnormalities of orbital anatomy. [7] [8] [9] Human infants at greatest risk of esotropia are those who suffer often subtle, direct or indirect perturbations to the geniculostriate pathways of the cerebral hemispheres during an early critical stage of visuomotor development. [20] [21] [22] Experiments in normal infant monkeys have revealed that sensorial, binocular decorrelation alone is sufficient to produce all of the ocular motor and sensory signs of this syndrome, without any manipulation of the EOMs or motor pathways. 2, 3 Taken together, the current results and those of previous animal and human studies lead us to conclude that infantile esotropia is a natural default. The default is brought about when immature, unstable, nasally biased vergence and gaze circuits are impeded in their normal maturation, by intrinsic or extrinsic factors, during the first critical weeks and months of life. 
First Person
Panda ERG Eleven-year-old Andrea couldn't see very well-she was sensitive to light, and she had no sight in the dark. Dr. H., Andrea's ophthalmologist, knew that her retina was not working properly. Andrea had already been through several ERG tests, and like any child, Andrea didn't like ERGs, she didn't like contact lens electrodes, and she didn't like to sit in the dark with her eyes patched. Andrea was brave, but she had never allowed both eyes to be tested at the same time. Dr. H. said that it was time for another test. Andrea started to cry as soon as the eye drops were administered. Rita, the ERG assistant, pulled a large white-and-black panda bear with big eyes out of a basket of toys. These toys were meant for children who had completed their testing, but Rita offered it to Andrea beforehand. Andrea snuggled with the Panda, and didn't notice the time pass as she sat in the dark with both eyes patched. I asked Rita to try to test both eyes at once, and when the contact lens electrodes were placed in each eye, Andrea clutched her new panda tightly in her arms but didn't stop crying. This caused the ERG recording to give only artifacts, with no true responses from the girl's eyes.
Rita started to tell a story, a story about Andrea and the panda. Andrea and the panda went to the park, where they were playing and eating ice cream. The panda was a messy eater, and he had to wash his sticky paws in the fountain. He cleaned his fingers but then fell in and was soaked. So Andrea and the panda went home, where she found a hair drier and blow dried her friend's fur. The panda didn't like that, and by the time he was finally dry, they were hungry again. Of course, the panda wasn't good with the food and had to wash his paws again . . . Andrea stopped crying, opened her eyes, and listened to the story. Rita was able to record excellent waveforms. When Rita opened the door, she continued the story about the panda and Andrea and their day. It was silent outside the testing room, where everyone had been listening to the story.
-Christina Gerth, MD
